We use synchrotron X-ray reflectivity and grazing incidence small-angle X-ray scattering to investigate the surface assembly of the polyethylene glycol (PEG) grafted gold nanoparticles (PEG-AuNPs) induced by different salts. We find that NaCl and CsCl behave as many other electrolytes, namely drive the PEG-AuNPs to the vapor/suspension interface to form a layer of single particle depth and organize them into very high quality two-dimensional (2D) hexagonal crystals. By contrast, NaI induces the migration of PEG-AuNPs to the aqueous surface at much higher surface densities than the other salts (at similar concentrations). The resulting 2D ordering at moderate NaI concentrations is very short-ranged and at a higher NaI concentration the high density monolayer is amorphous. Considering NaCl, CsCl and the majority of salts behave similarly, this implicates the anomaly of iodine ion (I$^-$) in this unusual surface population. We argue that the influence of most electrolytes on the PEG corona preserves the polymer in the $\theta$-point with sufficient flexibility to settle into a highly ordered state, whereas I$^-$ has a much more severe effect on the corona by collapsing it. The collapsed PEG renders the grafted AuNP a nonspherical shaped complex that, although packs at high density, cannot organize into a 2D ordered arrangement.
Introduction
Salts in solutions promote aqueous surface self-assembly of nanoparticles (NPs) that are grafted with non-ionic water soluble polymers. Recently, it has been demonstrated that gold nanoparticles (AuNPs) grafted with polyethylene glycol (PEG) form homogeneous aqueous suspensions, they self-assemble into highly ordered two-and three-dimensional superstructures under various modifications of the suspension. [1] [2] [3] Adding electrolytes or polyelectrolytes to the suspension drives PEG-AuNPs to the vapor-liquid interface to form a mono-particle layer, reminiscent of a Gibbs monolayer. 1, 4, 5 Furthermore, beyond a threshold salt concentration (salt-specific) the surface-bound PEG-AuNPs crystallize into two dimensional (2D) trigonal superlattices with a lattice constant that can be controlled by the specific salt and its concentration. 4, 5 At sufficiently high salt concentrations, small angle X-ray scattering studies reveal that PEG-AuNPs assemble into three dimensional (3D) superlattices in the bulk suspension. 2 In fact, the assembly of grafted PEG-AuNPs into 2D superlattices is so robust that it can be induced at high or low pH values and also with a plethora of salts. 4, 5 Based on the experimental results of various electrolyte species, it is believed that the grafted PEG is in the θ-point state 1 and that the effectiveness of ions in driving self-assembly follows to a good approximation the Jones-Dole ionic-coefficient series. 4 The grafted PEG on the surface of the AuNPs, as other surface ligands, mediates the inter-particle interactions that determine the spatial arrangement of AuNPs, such as ordered or disordered arrangement, and inter-particle spacing. [6] [7] [8] [9] [10] Ascertaining the conformational state (i.e., coiled or collapsed) of PEG and correlating it to the medium conditions (i.e., salt species and concentrations) and the spatial arrangements of PEG-AuNPs at the aqueous surfaces is still an open question. Here, we explore two monovalent salts, CsCl and NaI, that lead to surface assembly of PEG-AuNPs and use previous results with NaCl 1 which allows us to shed more light on the effect of cations (i.e., Na + and Cs + ) and anions (i.e., Cl − and I − ) on the grafted PEG. To determine the structure of the assembled PEG-AuNPs in the presence of these salts, we use synchrotron X-ray scattering from liquid-surfaces, 11 methods that have been applied to various systems. [12] [13] [14] [15] [16] Based on the synchrotron data, the surface number density of the surface-bound PEG-AuNPs and their 2D arrangement can be obtained. We also employ the dynamic light scattering (DLS) technique to determine the hydrodynamic radius of the PEG-AuNPs in salty aqueous suspensions, which enables us to determine the state of PEG corona (e.g., coil or globule 17 ) .
Experimental Details
Materials: Citrate stabilized AuNPs of average nominal 10 nm diameter were purchased from Ted Pella, Inc and are grafted with poly(ethylene glycol) methyl ether thiol (PEG-SH , average molecular weight 6000 Da; Sigma-Aldrich) through thiol-gold chemistry. The PEGcapped AuNPs (PEG-AuNPs) are prepared by using a straightforward ligand exchange and centrifugation method as documented previously. 1 X-ray measurements setup: X-ray reflectivity (XRR) and grazing incidence small angle scattering (GISAXS) were conducted at beamline 15-ID-C, NSF's ChemMatCARS of the Advanced Phone Source (APS) at Argonne National Laboratory on a liquid surface reflectometer. A monochromatic X-ray beam of energy 10 keV (wavelength λ=1.2398Å) 3 Page 3 of 21 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is deflected onto the liquid surface (designated as xy-plane) with a desired angle of incidence, α i , by a Ge (111) steering crystal. An ionization chamber is placed right before the sample to monitor the incident beam intensity. A Pilatus 100K detector with the pixel size 0.172 × 0.172 mm 2 is mounted about 1074 mm away from the sample center to collect XRR and GISAXS signals. The measured XRR data are described as a function of Q z (Q z = 4π sin α i λ), which is the vertical component of the scattering vector Q. The GISAXS intensity patterns as a function of Q, are described in terms of the horizontal component Q xy (≈ 4π sin(Φ 2) λ, Φ being the horizontal in-plane scattering angle) and the vertical component Q z (= 2π(sin α i + sin α f ) λ, α f being the exit angle with respect to the surface).
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GISAXS data were collected below the critical angle for total reflection, α c , to exploit surface sensitivity. The measured XRR, R(Q z ), is presented here after normalization to the calculated Fresnel reflectivity of an ideally flat surface R F of the solutions. For synchrotron X-ray characterization, high concentration of stock solutions for NaI and CsCl were each prepared at 5 M (MilliQ water at 18.2 MΩ⋅cm). A suspension of PEG-AuNPs contained in a shallow trough for X-ray measurements started with a volume of ∼1.5 mL, and the salt concentration was adjusted stepwise by adding ∼150 µL stock solution to obtain 0.5 M, 1.0 M and 1.5 M of salt concentration. The trough containing the sample was encapsulated in a helium purged chamber during X-ray measurements to lower the potential beam radiation damage and the background scattering. Direct surface tension (ST) measurements with a commercial tensiometer, using a filter paper Wilhelmy plate or a Pt ring as probes, in principle, can also provide aqueous surface activity information on Gibbs monolayers. However, we have found that the various ST probes are prone to contamination by PEG, which results in irreproducible ST results. We therefore decided not to pursue these measurements as they are not relevant to the main message of this study. and absence of salts, i.e., NaCl, NaI and CsCl. All the tested solutions were assumed to have a viscosity of water when extracting the hydrodynamic size distributions. To estimate the effect of viscosity on D h , the viscosities of salt solutions at various concentrations were calculated with the empirical equation of Jones-Dole. 18, 19 Applying these estimated viscosity values to the DLS spectral analysis lowers D h distribution by a marginal ∼ 5% on average. From left to right, the ED profiles feature three regions that can be readily associated with the subphase, single-particle-thick layer, and the vapor (or gas) phase (the vapor-suspension interface is set at z = 0).
Results and Discussion

X-ray reflectivity
The ED profiles of the assembled films of PEG-AuNPs on the CsCl solutions at different salt concentrations, in Fig. 1 , show that the uniform film is at the suspension/vapor interface and that the film does not change significantly as the salt concentration varies from 0.5 to 1.5 M. The length-scale of the ED enhanced region on the ED profile (approximately 10 -15 nm) is evidence that a monolayer of a single particle depth is formed at the aqueous surface. 1, 4, 14 An interesting feature on the ED profiles of PEG-AuNPs with CsCl is a flat region of approximately ∼ 5 nm thick between the vapor phase and the enhanced ED peak. We attribute this flat region to compressed PEG chains dangling outward directly in contact with the gas phase, as has been observed and proposed previously 1,14 for crystalline PEG-AuNPs films that are induced by various salts, e.g., K 2 CO 3 , NaCl, KCl, MgCl 2 , K 2 SO 4 , Cs 2 SO 4 , and K 3 PO 4 . 4,5,14 By contrast, the ED profiles from PEG-AuNPs with NaI in the suspensions 5 Page 5 of 21 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 change significantly both in shape and magnitude as the concentration increases from 0.5 to 1.5 M. The increase in area under the peaked region of the ED is evidence for increased enrichment of PEG-AuNPs at the surface. For 0.5 M NaI, the ED profile is somewhat similar to that obtained with CsCl, albeit with broader interfaces. This is a signature of enhanced surface roughness in the film, likely due to random staggering AuNPs with respect to the surface. As the concentration of NaI increases, the ED profile becomes more structured and more importantly, the main peak sharpens significantly indicating more tightly bound AuNPs at the surface due to the effect of iodine on the confirmation of PEG. 21, 22 In fact, with reasonable assumptions, using space filling model, 11 we can readily determine the average area per AuNP at the surface ( denoted as A XRR ) from the ED profiles. We first calculate the surface electron excess, Γ e as follows:
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where ρ(z) and ρ sol are the ED obtained from the XRR (Figs 2 and 1) and the bulk solution, respectively. For example, for 1.5 M CsCl and NaI solutions ρ CsCl = 0.40 e/Å 3 and ρ NaI = 0.39 e/Å 3 , respectively. For dry PEG we calculate ρ PEG = 0.37 e/Å 3 , which is very close to that of the solution, thus it is virtually eliminated from the surface excess. The surface excess Γ e is to a good approximation mainly due to the core AuNPs, and can be independently calculated as follows,
where V AuNP = πD 3 6 is the volume of a AuNP of diameter D and ρ Au = 4.67 e/Å 3 is the ED of bulk Au. Using Eqs. (1), (2) and D = 8.8 nm, (obtained by small-angle X-ray scattering) 1,2
we determine A XRR as listed in Table 1 . Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 1 : Summary of XRR and GISAXS analysis. The surface excess Γ e is determined with Eq. (1). A XRR is the average area of PEG-AuNP in the film estimated from the XRR (provided in nm 2 units and also in units of the largest cross-sectional area, i.e., πD 2 4, for a AuNP). Q 1 is the fundamental Bragg peak of the assumed hexagonal symmetry that gives the hexagonal lattice constant a, and A GISAXS is the corresponding area per particle calculated using a. The upper bound in the relative uncertainties are in the parenthesis. n/a n/a n/a n/a Grazing incidence small-angle X-ray scattering (GISAXS) Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 subphase, feature much broader peaks hindering unambiguous crystallographic indexing.
Nevertheless, the broadened peaks are indicative of short-range-order (SRO) among surfacebound PEG-AuNPs, likely with a hexagonal motif. Based on the GISAXS data, we extract the lattice constant and the average area per AuNP ( denoted as A GISAXS ), for the different solutions as listed in Table 1 . Despite the inferior surface crystallization in the presence of NaI, the identification of Q 1 shows the significantly larger surface density of PEG-AuNPs than that with CsCl for the same concentrations. The systematic larger A XRR extracted from the XRR compared to A GISAXS determined from GISAXS, is expected, as the XRR averages over crystalline and void regions. The trend of GISAXS profiles varying with salt concentrations are different for CsCl and NaI subphases, shown in Fig.4 . The line-cut profiles along the horizontal direction remain almost unvaried with the CsCl concentration, which is quite consistent with the XRR results for a saturated surface. On the contrary, they vary quite significantly with the NaI concentration. Although the interference peaks are diffuse, they shift to higher Q xy and become less defined with the NaI concentration. More importantly, the GISAXS lacks interference features at the highest NaI concentration (i.e. 1.5 M) tested within the accessible Q xy range. The lack of the well-defined Bragg-reflections suggest that the surfacebound PEG-AuNPs are arranged in almost an amorphous state. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60
Structural model of nanoparticle 2D-assembly on surfaces
Based on the surface X-ray scattering data analysis above, it is evident that the salt species in the bulk influence the surface density and arrangement of PEG-AuNPs at the aqueous surface. 4 Since NaCl and CsCl both promote practically indistinguishable 2D crystallization for same bulk salt concentrations, one can conclude that the Cs + and Na + cations bear similar role in the 2D crystallization. We note that a similar conclusion on these two salts has been reached while examining their effect on the bi-phase separation of PEG in their solutions. 22 By contrast, NaI is less capable of promoting surface superlattice formation compared to NaCl or CsCl, indicating the anion I − behaves differently than Cl − , in two aspects. First, whereas surface density of AuNPs reaches saturation at about 0.5 M of CsCl, it continues to increase with NaI concentration, as evidenced by XRR and GIXSAS.
Second, the XRR clearly shows that the effective thickness of the film formed at the interface gets thinner with the addition of NaI. Both observations suggest that the PEG corona is affected more strongly in the presence of I − by shrinking the PEG corona, facilitating higher population of PEG-AuNPs at the interface. We propose that both salts shrink the corona, however, CsCl keeps the corona in a spherical and/or flexible conformations that promote a high quality hexagonal ordering, while NaI shrinks the corona even more into a rigid and collapsed state that upon populating the surface yields poorer crystallinity. Indeed, the GISAXS measurements of NaI solutions exhibit much broader Bragg-reflections for surface PEG-AuNPs that at the highest tested bulk NaI concentration indicates an amorphous packing. Meanwhile, the corresponding XRR results show a more confined, mono-particle layer with increased maximum in the ED profile. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 not lead to increased surface density and barely affects the hexagonal lattice constant. In the presence of NaI, the PEG-AuNPs are more efficiently driven to the vapor/liquid interface (i.e., higher surface density), however the in-plane ordering is only short-range-ordered and the average NN distances are much smaller than those achieved with NaCl or CsCl. This suggests that the PEG corona is tucked in closer to the surface of the AuNP, less spherical, and not sufficiently flexible to pack into a hexagonal structure. Equivalently, from the perspective of molecular interactions, long and flexible grafted PEG chains provide certain steric (entropic) repulsion that facilitate hexagonal packing. 1 By contrast, the van der Waals attraction may dominate among the AuNPs enwrapped with collapsed and thus rigid PEG chains and make the particles sticky, resulting in irregular packing. To further confirm the unusual effect of iodide ions on the PEG corona we discuss below DLS measurements of PEG-AuNPs in suspensions with the aforementioned salts.
NaCl or CsCl NaI a Figure 5 : (Top) Illustration of PEG-AuNPs in a NaCl or CsCl solution affected where the hydrodynamic radius is affected only marginally. NaCl or CsCl induces migration of the PEG-AuNPs to the vapor/liquid interface where the PEG-AuNPs arrange in a highly ordered two-dimensional hexagonal structure with the nearest neighbor (NN) distance that is significantly smaller than the hydrodynamic diameter. (Bottom) In the presence of NaI, the PEG-AuNPs are more efficiently driven to the vapor/liquid interface (higher surface density), however the in-plane ordering is only short range and the average NN distances are much smaller than those achieved with NaCl or CsCl. This suggests that the PEG corona is tucked in closer to the surface of the AuNP, is less spherical and is not sufficiently flexible to pack in a hexagonal structure.
Dynamic light scattering
The interaction among the PEG-AuNPs are mediated by the PEG-corona, which governs the assembly process on the aqueous surface. DLS studies have shown that the D h of PEG-AuNPs change only mildly with the addition of salts. 1 Figure 6 shows the DLS intensity Page 12 of 21 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 distributions against the D h for AuNPs and PEG-AuNPs in aqueous solutions at various salt concentrations. The D h at the highest DLS intensity percentage is referred to as ⟨D h ⟩. Fig. 6(a) shows that the ⟨D h ⟩ increases from ∼ 12.2 nm for bare AuNPs to ∼ 36.6 nm for AuNPs grafted with the PEG corona. Based on these two values, the thickness of the PEG corona in the bulk is estimated at ∼ 12 nm. Figure 6(b) shows that the presence of CsCl barely changes the D h distribution of the PEG-AuNPs in suspensions consistent with previous results of NaCl and K 2 CO 3 in the suspensions. 1 Indeed, the D h distribution changes from 36.6 nm for a suspension with no salt to 31.3 nm for a suspension at 1.5 M CsCl. Although small, the shrinking tendency of the corona in the presence of salt is consistent with our XRR and GISAXS above. This suggests that the PEG in the corona is in the θ-point state even at high salt concentrations. Fig. 6(c) shows that the D h distribution of PEG-AuNPs changes just slightly at NaI concentrations of 5 -50 mM. However, a drastic change in the D h distribution occurs for NaI concentration at 0.5 M and higher, as shown in Fig.6(d) . The majority of the size distribution shifts to high ⟨D h ⟩ ∼ 110 nm, which is about three times the ⟨D h ⟩ without salt, likely arising from the initiation of assembly into small clusters of PEG-AuNPs in the bulk. There is also a small but detectable peak at low ⟨D h ⟩ ∼ 20 nm that suggests the corona shrinks significantly, and no longer in the θ-state. Indeed, the number distribution (see Supporting Information) suggests the suspended particles of collapsed corona greatly outnumber the clusters. The PEG-AuNPs in the presence of relatively high concentration of NaI thus, either aggregate into small clusters, or remain independent with a collapsed PEG corona. The quantitative dependence of ⟨D h ⟩ on the salt concentrations is summarized in Fig.7 . Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Meanwhile, there is also significant reduction in ⟨D h ⟩, likely resulting from the collapse of PEG coronas.
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It was reported that halide ions have affinity towards the AuNPs and replace the stabilizing citrate ions at different degrees; and iodine ions have the strongest affinity leading to aggregation and fusions of AuNPs. 24, 25 In this study, we argue that the adsorbed iodine, if any, cannot remove the surface grafted PEG chains due to the strong gold-sulfur bonding, even though the nature of such bonding is still under investigation. 26, 27 Otherwise, the iodine-capped AuNPs will aggregate and precipitate. Indeed, the bare surface AuNPs solutions spontaneously turn from red-wine color to blue almost instantly once salts (e.g., NaCl or NaI) are mixed to final concentration of 0.5 M and turn transparent after overnight sediment. Tiny, black precipitates are typically observed at the bottom of the solutions.
Regarding the interaction among PEG chains and halide ions, earlier studies show that the I − ions tend to associate with PEG in a PEG rich phase much more than other halide ions (i.e., Cl − and Br − ). 28 We surmise that the strong association among I − and PEG in the PEG rich phase, here the PEG corona, may remove more water molecules from the PEG and constrain the PEG flexibility significantly, leading to its collapse.
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Conclusion
Using surface sensitive X-ray diffraction and dynamic light scattering, we examine aspects of the assembly at the vapor/suspension interface and the bulk conformation of PEG-AuNPs in the presence of CsCl and NaI in the suspension. Whereas CsCl is a representative of many electrolytes, we find that NaI behaves differently. We find ion specific effect in these simple salts regarding the conformation of grafted PEG on AuNPs that impacts their assembly process at the vapor/solution interface. Using surface sensitive X-ray diffraction methods, previous studies have shown that the presence of practically any electrolyte, regardless of pH (pH in the range 2-11), in the suspension, drives the PEG-AuNPs to the aqueous surface to form a mono-particle layer, that for most salts leads to ordering of the PEG-AuNPs into high quality 2D hexagonal crystal structures. 4, 5 However, in the presence of I − in the suspension, although a narrow mono-particle film is formed, the AuNPs' arrangement is only very short range ordered or even amorphous, depending on the iodide concentration. In addition, I − in the suspension induces significantly higher surface densities of the PEG-AuNPs than any of those achieved with other electrolytes (CsCl or NaCl, for instance).
We correlate the different assemblies at the interface with the conformation of the PEG corona in the presence of slats. Complementary DLS results of PEG-AuNPs in the presence of these salts is consistent with the assertion that PEG corona collapses in the presence of I − . We argue that that the grafted PEG preserve their θ-point state in the presence of most electrolytes, a condition that facilitates long range order at the interface. On the other hand, when the PEG corona collapses the assembly is of higher density but the in-plane packing tends to be amorphous. We surmise that NaI turns the PEG-AuNPs into an effective hard non-spherical nano-particle that can only pack in short range order. We propose that for most salts, the effective repulsion among particles leads to hexagonal packing, while for NaI, the collapsed PEG corona tends to favor attraction (i.e., van der Waals) of multiple particles that cannot readily readjust to form an ordered array.
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Supporting Information
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